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Expression of connective tissue growth factor (CTGF) is
sensitive to reorganization of the actin cytoskeleton, but
also to alterations in cell morphology due to extracellular
forces, for example, cyclic stretching or mechanical loading.
Dynamic alterations of focal adhesion proteins were thus
proposed to modulate CTGF induction. Immortalized
human renal fibroblasts were cultured in or on top of
preformed collagen-1 gels. Proteins were detected by
immunofluorescence and quantified by Western blotting.
Fibroblasts cultured in/on collagen gels resembled cells
in vivo by their spindle-like morphology, absence of actin
stress fibers, small punctiform focal contacts, and low
levels of CTGF expression. Disassembly of microtubules by
short-term treatment with colchicine induced cell rounding,
cortical recruitment of patchy F-actin, reorganization of focal
contacts into strong clusters, and upregulation of CTGF, all
of which were dependent on RhoA-Rho-kinase signaling.
Clustering of focal adhesion sites activated Src-family kinases
and focal adhesion kinase (FAK). Interference with Src activity
by PP2 had no effect on the morphological alterations but
decreased tyrosine phosphorylation of focal adhesion
proteins and almost completely prevented upregulation
of CTGF. Furthermore, inhibition of phosphatidylinositol
3-kinase reduced CTGF expression. On the other hand,
when the fibroblasts were cultured on a rigid matrix, that
is collagen-coated plates, strong focal complexes prevented
the dynamic alterations, and RhoA-mediated upregulation
of CTGF expression was independent of Src-FAK signaling.
Assembly of focal adhesion proteins regulates CTGF
expression, providing a link between actin network, adhesion
receptors, and CTGF-mediated functions such as synthesis
of extracellular matrix proteins.
Kidney International (2006) 69, 1341–1349. doi:10.1038/sj.ki.5000296;
published online 8 March 2006
KEYWORDS: connective tissue growth factor; collagen; actin; colchicine;
three-dimensional cell culture; Src-family kinases
Interstitial fibrosis is one of the hallmarks of end-stage renal
disease characterized by activated fibroblasts and excessive
matrix synthesis. In the process of scarring, fibroblasts are
exposed to an altered matrix environment, with respect to
biochemical composition of the secreted matrix, but also
regarding the mechanical forces exerted on the cells.1 Under
the influence of different growth factors, most notably
transforming growth factor beta, fibroblasts differentiate
into myofibroblasts, characterized by increased biosynthetic
capacities for extracellular matrix (ECM) proteins, and also
an altered cell morphology with strong actin fibers and large
adhesion complexes.2,3
Cell morphology is regulated by the internal organization
of the cytoskeletal networks based on actin-, tubulin-, and
intermediate filaments as well as by cell-to-cell and cell-to-
matrix interactions. These structural features profoundly
influence signal transduction and the integration of intracel-
lular signaling, thus modulating gene expression. Connective
tissue growth factor (CTGF) is one of the genes the
expression of which is modulated by altered cell morphology.
CTGF is upregulated in fibrotic tissues, wound healing, and
fibrotic lesions.4 As a downstream mediator of transforming
growth factor beta, it mediates cell adhesion and synthesis of
ECM components, and thus seems to play a critical role in
the pathogenesis of renal fibrotic diseases.5 In vitro studies
showed that high static pressure causes a sustained high level
CTGF mRNA expression in human renal mesangial cells,6
whereas cyclic stretch induces transient overexpression of
CTGF mRNA in rat mesangial cells.7 Furthermore, upregula-
tion of CTGF has also been described in fibroblasts cultured
under mechanical stress in three-dimensional collagen
gels.8 However, it is not yet clear whether the same signaling
pathways that contribute to the regulation of CTGF by
soluble stimuli also apply to the transduction of mechanical
signals.
Pharmacological modulation of the actin cytoskeleton
by latrunculin B or cytochalasin D, or disassembly of
the microtubules by colchicine, strongly affect mRNA and
protein expression of CTGF.9,10 In activated cells, F-actin
fibers are linked to the ECM by integrins, which form focal
adhesion complexes containing multiple interacting signaling
and scaffold proteins. One of these proteins, the integrin-
linked kinase couples integrins and growth factor-mediated
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receptor activation to the actin cytoskeleton and to signal
transduction pathways implicated in cell growth and
differentiation.11 In a previous study, we have investigated
the role of integrin-linked kinase in the induction of CTGF
expression,12 showing that CTGF expression was indepen-
dent of the presence or activity of integrin-linked kinase, even
when stimuli were used, which strongly affected the actin
cytoskeleton and cell morphology, such as lysophosphatidic
acid or colchicine.
Non-receptor tyrosine kinases of the Src-family and focal
adhesion kinase (FAK) are involved in integrin signaling to
the cytoskeleton, and also in integrin clustering upon RhoA-
mediated rearrangement of actin fibers.13 By multiple
interactions with small GTPases, they orchestrate complex
processes such as transition of focal complexes into focal
adhesion upon cell movement, or integrin clustering upon
activation by growth factors. Given the bidirectional inter-
action between the actin cytoskeleton and the integrin-linked
adhesion receptors, we proposed a link between RhoA-
mediated induction of CTGF and activation of kinases
implicated in the assembly of focal complexes. We hypothe-
sized that CTGF upregulation requires activation of focal
adhesion proteins such as FAK, Src-family kinases, paxillin,
and p130cas.
To address this hypothesis, CTGF induction was investi-
gated in a human renal fibroblast cell line TK173.
Disassembly of microtubules by colchicine was used as a
means to activate RhoA and to generate internal tension in a
receptor-independent manner. The role of focal adhesion
complex proteins, which link the actin cytoskeleton to
integrins, was analyzed with respect to their impact on gene
expression. We report here that activation of Src-family
kinases, FAK, and phosphatidylinositol 3-kinase (PI3-kinase)
was related to CTGF induction. Regulation of CTGF by
clustering of focal adhesion proteins was observed when the
cells were cultured in soft collagen-I matrices, but not in
fibroblasts cultured on rigid substrates, underscoring the
importance of physical properties of the ECM in signal
transduction.
RESULTS
CTGF expression is independent of Src-family kinases in
fibroblasts cultured on collagen-coated plates
To investigate RhoA-driven alterations of F-actin structures,
focal adhesions, and gene expression, short-term treatment
(up to 2 h) of renal fibroblasts with low concentrations of
colchicine (1 mM) proved to be a suitable model. Fibroblasts
were cultured on collagen-coated plates overnight, and were
then stimulated with colchicine for 1–2 h. Within 1 h of
stimulation, the cells developed strong cell-spanning actin
stress fibers visualized by phalloidin staining (Figure 1a).
In regard to focal adhesions, even untreated cells formed
prominent focal complexes visualized by staining of FAK or
other focal adhesion proteins such as paxillin or vinculin
(data not shown), indicating the strong adherence of cells to
the surface (Figure 1b). Treatment with colchicine for 90 min
further enlarged the focal adhesions. In the cells grown
on collagen-coated plates, CTGF was located in perinuclear
Golgi vesicles, which were scattered upon treatment with
colchicine, in line with a role of microtubules in the
organization of the Golgi apparatus (Figure 1c).
To examine focal adhesion dynamics and CTGF regula-
tion, protein tyrosine phosphorylation and CTGF expression
were assessed by Western blotting. When total cell lysates
were analyzed for phosphotyrosine-containing proteins, one
major band dominated with an apparent molecular weight
125–130 kDa, apparently representing multiple proteins among
them FAK and p130 Cas, as discussed below (Figure 2a).
Inhibition of Src-family kinases by the specific inhibitor PP2
reduced phosphorylation of the 125–130 kDa band, both
in the presence and absence of colchicine stimulation. In this
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Figure 1 | Colchicine alters fibroblast morphology and CTGF
expression. Renal fibroblasts were grown on collagen-coated glass
coverslips. Co: unstimulated cells, 24 h after seeding; Colch: 24 h after
seeding, the cells were stimulated with 1 mM colchicine for 90 min.
F-actin filaments were visualized with rhodamine phalloidin, FAK and
CTGF were detected by specific antibodies by indirect immuno-
fluorescence with secondary antibodies conjugated with Alexa Fluor
488. Photographs were obtained by fluorescence microscopy under
original magnification  1000 and are representative of at least three
independent experiments.
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regard, short-term (10–20 min) and long-term (2 h) incuba-
tion with colchicine were analyzed, but did not significantly
affect tyrosine phosphorylation (Figure 2b). Furthermore,
inhibition of tyrosine phosphorylation by PP2 did not
significantly reduce colchicine-induced CTGF expression
(Figure 2c and d).
Renal fibroblasts take an in vivo phenotype when cultured in
or on top of preformed collagen gels
Large focal adhesions are not a common feature of fibroblasts
in vivo, where cells are surrounded by a three-dimensional
matrix. Therefore, to better reproduce the physiologic
environment of cells, we cultured fibroblasts in three-
dimensional collagen-I gels. Within 24 h, the fibroblasts
developed spindle-like morphology and formed a three-
dimensional network, which was best visualized by staining
of the thin cortical F-actin fibers (Figure 3a). When the cells
were cultured on top of preformed collagen gels of the same
density (1.86 mg/ml collagen,B4 mm height), their morpho-
logical appearance was comparable, with a cortical lining
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Figure 2 | Inhibition of Src-family kinases reduces tyrosine
phosphorylation but has no effect on CTGF expression in
fibroblasts cultured on collagen-coated plates. (a) Renal fibro-
blasts grown on collagen-coated dishes were preincubated with PP2
(10mM, 1 h) and stimulated with colchicine (1 mM, 20 min). Proteins
with apparent molecular weights of 125–130 kDa were detected by
an antibody directed against phosphotyrosine (p-Tyr). The position of
the molecular weight markers p130 and p72 is indicated by arrows.
Vinculin was detected to confirm equal loading of the blot. (b) Renal
fibroblasts were preincubated with PP2 (10 mM, 1 h) and stimulated
with colchicine for 20 min or 2 h as indicated. Tyrosine phosphor-
ylation of the p130 band was quantified by luminescent imager
analysis. Values of untreated cells were set to 1; data are means7s.d.
of three experiments. Tyrosine phosphorylation of PP2-treated cells
was significantly lower than that of control or colchicine-treated cells
(Po0.01, Student’s t-test). (c) Renal fibroblasts were preincubated
with PP2 (10 mM, 1 h) and stimulated with colchicine for 2 h as
indicated. CTGF expression was detected using goat anti-human
CTGF antibody. Blots were reprobed for tubulin to confirm equal
protein loading. (d) CTGF expression was quantified by luminescent
imager analysis. The graph shows means7s.d. of five experiments.
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Figure 3 | Colchicine-induced morphological alterations in cells
cultured in soft collagen matrices are dependent on RhoA
signaling. Renal fibroblasts were cultured (a) in collagen-I or (b–d) on
top of preformed collagen-I gels overnight and were then stimulated
with colchicine (1 mM) for 90 min as indicated. The immunofluorescent
images were taken by (a, b, d) fluorescence microscopy and by
(c) confocal microscopy. Photographs shown were analyzed under
orignial magnification (a, b)  1000, (d)  400, and (c) using a  63
oil objective, zoom 1.8 for confocal microscopy. Photographs are
representative of at least three independent experiments. (a) F-actin
was visualized by rhodamine-phalloidin staining. (b) FAK was
detected by indirect immunofluorescence. (c) F-actin was visualized
by rhodamine-phalloidin staining and phosphotyrosine was detected
by indirect immunofluorescence. (d) Fibroblasts were cultured on
preformed collagen gels and then treated with Y27632 (10 mM for 1 h)
and/or colchicine (1 mM) for additional 90 min as indicated. F-actin was
stained with Alexa 488 phalloidin.
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of F-actin (data not shown). Fibroblasts cultured in or on top
of collagen gels were analyzed in parallel throughout the
experiments described below. In none of the experiments
was there any significant difference between these culture
conditions.
Treatment with colchicine reorganizes focal adhesion sites
dependent on RhoA-ROCK (RhoA-associated kinase)
signaling
The culture condition-dependent morphological differences
between cells grown on collagen-coated plates and cells
cultured on soft matrix became even more pronounced when
the latter were treated with colchicine. The cells rounded after
about 30 min of colchicine treatment, and showed a strong
staining of patchy cortical actin (Figure 3a and c), but no
cell-spanning stress fibers (compare with Figure 1a). Focal
adhesions were not detectable in untreated fibroblasts in
soft matrices, with focal adhesion proteins such as FAK
(Figure 3b), vinculin, or paxillin (data not shown) presenting
as punctiform structures all over the cell body. On treatment
with colchicine, focal adhesion proteins formed clusters at
the cell membranes (Figure 3b). The assembled proteins
also reacted with an antiphosphotyrosine antibody, indica-
ting signaling activity. Notably, the protein clusters positive
for phosphotyrosine co-localized with the actin patches as
shown by confocal microscopy (Figure 3c).
Pretreatment of the cells with Y27632, an inhibitor of
RhoA-associated kinase, almost completely prevented the
colchicine-induced morphologic alterations (Figure 3d).
Y27632-pretreated, colchicine-stimulated cells resembled
control cells, which upon treatment with the ROCK inhibitor
Y27632 showed thinning of the cellular extensions and
contraction of the cell body. Thus, cell rounding by
disruption of microtubules was not simply a structural effect
due to the collapsing microtubular network, but proved to be
an active cellular process driven by activation of RhoA.
Basal CTGF expression in cells cultured in collagen gels is
nearly undetectable
In the healthy kidney, CTGF is not detectable in interstitial
fibroblasts. Therefore, we investigated whether fibroblasts
cultured in collagen gels were comparable to renal fibroblasts
in vivo in terms of CTGF expression. CTGF expression
was analyzed by immunocytochemistry and by Western
blotting for quantification purposes. By both methods, CTGF
expression was almost undetectable in renal fibroblasts
maintained in or on soft matrices, even in the presence of
serum-containing medium (Figure 4). Colchicine-mediated
activation of RhoA signaling increased CTGF expression
(Figure 4a and b), to the levels even higher than in cells
cultured on collagen-coated plates. Inhibiting microtubule
disruption by taxol, or interference with RhoA signaling by
Y27632, prevented CTGF induction (Figure 4b), demonstrat-
ing the importance of the RhoA-ROCK signaling pathway for
CTGF upregulation, possibly involving further downstream
mediators of RhoA such as mDia proteins.
Interference with signaling of Src-family kinase, FAK, or
PI3-kinase inhibits CTGF induction in cells cultured in soft
matrices
Via mDia proteins, RhoA has been shown to activate Src
kinase, a constituent of activated focal adhesions.14,15 There-
fore, we investigated whether the colchicine-induced
morphological alteration of focal adhesion proteins was
associated with tyrosine kinase activation, and whether this
was related to CTGF induction. In cells cultured on top of
collagen gels, basal tyrosine phosphorylation was barely
detectable (Figure 5a). A double band of apparent molecular
weight of 125–130 kDa was consistently visualized. The lower
band co-migrated with FAK (data not shown), which is a
known interaction partner of Src, and the upper band was
considered to be p130cas, according to the literature.16
Treatment of cells cultured on collagen gels with colchicine
for 20 min upregulated tyrosine phosphorylation of the
p125–130 proteins. When parallel blots were probed with
antiphosphotyrosine and anti-p[397]FAK, the activation
pattern was overlapping (Figure 5a). Preincubation of
these cells with an inhibitor of Src-family kinases PP2
(10 mM, 1 h) interfered with colchicine-induced tyrosine
phosphorylation and FAK phosphorylation (Figure 5a and
b). Although PP2 reduced tyrosine phosphorylation of
adhesion complex proteins, which assembled upon treatment
with colchicine, it did not affect the process of clustering
per se (Figure 5c).
Interference with Src-family kinase signaling by PP2
almost completely prevented colchicine-induced upregula-
tion of CTGF (Figure 6a), linking CTGF expression to the
reorganization of focal adhesion proteins. The mitogen-
activated kinases ERK1/2 have been described as downstream
mediators of Src-induced gene expression. Therefore, we
investigated the effects of ERK1/2 inhibition on CTGF
expression. As shown in Figure 6b, inhibition of ERK1/2
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Figure 4 | Upregulation of CTGF in cells cultured in soft matrices
is dependent on RhoA-mediated structural alterations. (a) Renal
fibroblasts cultured on top of preformed collagen gels were treated
with colchicine (1 mM, 2 h). CTGF was detected by indirect immuno-
fluorescence (original magnification  1000). The images are
representative of at least three experiments with cells cultured in or
on top of collagen gels overnight. (b) Fibroblasts were grown in
collagen gels for 24 h, preincubated with Y27632 (10 mM) or taxol (Tax,
1 mM) for 1 h, and then further incubated with colchicine (Colch 1 mM)
for 2 h. CTGF expression was analyzed by Western blotting.
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kinases by a MEK1 inhibitor (PD98059, at 50 mM) only
partially suppressed colchicine-induced upregulation of
CTGF in collagen gels. However, inhibition of ERK1/2
signaling also reduced the basal levels of CTGF expression,
resulting in an unchanged stimulation of CTGF expression by
colchicine. The concentration of PD98059 was sufficient to
completely abrogate ERK1/2 phosphorylation (Figure 6c).
Therefore, the lack of effect of this inhibitor on CTGF
upregulation could not be attributed to a poor inhibition of
ERK1/2 activation. Furthermore, there was no significant
increase in activation of ERK1/2 upon colchicine treatment.
These data argued against ERK1/2 as downstream mediator
of Src-family kinase-induced expression of CTGF after
colchicine treatment of renal fibroblasts.
Another possible mediator involved in CTGF upregulation
is PI3-kinase, a binding partner for phosphorylated tyrosine
397 of FAK.17 Therefore, the role of PI3-kinase in CTGF
induction was investigated using two chemically unrelated
inhibitors of PI3-kinase, LY294002 (50 mM) and wortmannin
(100 nM). Interference with PI3-kinase activity reduced the
colchicine-induced upregulation of CTGF in fibroblasts
cultured in collagen gels by more than 50% (Figure 6d
and e). CTGF expression in fibroblasts cultured on collagen-
coated plates, which did not respond to inhibition Src-family
kinases (Figure 2b), was also insensitive to inhibition of
PI3-kinase by LY294002 or wortmannin (Figure 6e). These
data suggested that a concomitant activation of Src-family
kinases, FAK, and PI3-kinase signaling is involved in CTGF
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Figure 5 | Inhibition of Src-family kinases alters tyrosine phos-
phorylation but has no effect on colchicine-mediated changes in
cell morphology. (a) Renal fibroblasts were cultured on preformed
collagen gels. After preincubation with PP2 (10 mM) for 1 h, the cells
were stimulated with colchicine for 20 min. Proteins with apparent
molecular weights of 125–130 kDa were detected by an antibody
directed against phosphotyrosine (p-Tyr). The position of the
molecular weight marker p130 is indicated by an arrow. Phosphory-
lated FAK was detected with an antibody specific for FAK[pY397].
(b) Renal fibroblasts were stimulated with colchicine for 20 min or
2 h with or without PP2 preincubation, as indicated. Tyrosine
phosphorylation of the p130 band was quantified by luminescent
imager analysis. Values of unstimulated cells were set to 1; data are
means7s.d. of four experiments. *Po0.05 compared to cells treated
with PP2, Student’s t-test. (c) Phosphotyrosine was detected in
fibroblasts cultured on top of preformed collagen gels (preincubation
with PP2 for 1 h, stimulation with colchicine for 2 h). Immunofluor-
escent images (original magnification  1000) are representative
of three experiments.
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Figure 6 | Interference with Src-family kinases prevents
upregulation of CTGF in fibroblasts cultured in soft matrices.
(a) Renal fibroblasts were grown in collagen gels overnight. After
preincubation with PP2 (10 mM, 1 h), the cells were stimulated with
colchicine (Colch 1 mM) for 2 h. CTGF expression was detected by
Western blotting. The graph shows means7s.d. of five experiments
with cells cultured in or on top of preformed collagen gels. NS, no
significant difference between control cells and cells treated with PP2
and colchicine. (b) Renal fibroblasts were preincubated with PD98059
(PD, 50mM) for 1 h, and stimulated with 1 mM colchicine for 2 h. CTGF
was detected by Western blot analysis and quantified by densito-
metry. To compare different experiments, stimulation with colchicine
was set to 100%. Data are means7s.d. of three experiments. (c) Renal
fibroblasts were cultured on preformed collagen gels overnight. After
pretreatment with PP2 (10 mM) or PD98059 (PD, 50 mM) for 1 h, the
cells were stimulated with 1 mM colchicine for 10 min. The expression
of phospho-ERK was detected by Western blotting. The blot is
representative of three independent experiments. (d) Fibroblasts
were cultured in collagen gels (upper panel) or on collagen-coated
plates (lower panel) overnight. After pretreatment with LY294002
(50mM) or wortmannin (100 nM) for 1 h, the cells were stimulated with
1 mM colchicine for 2 h. CTGF expression was detected by Western
blotting. (e) Colchicine-stimulated expression of CTGF was quantified
by luminescent imager analysis. To compare different experiments,
colchicine-stimulated CTGF expression was set to 100%. Renal
fibroblasts were cultured on collagen-coated dishes (black bars) or
in or on top of collagen gels (gray bars). Data are means of two
experiments 7half range for wortmannin and means7s.d. of five
experiments for LY294002. **Po0.01, cells cultured on plastic
compared to cells cultured in/on collagen gels, Student’s t-test.
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expression in renal fibroblasts cultured in soft collagen-I
matrices, which allow assembly of focal complex proteins.
DISCUSSION
End-stage renal disease is characterized by activated fibro-
blasts and excessive matrix synthesis. The differentiation of
fibroblasts into myofibroblasts, a process that involves major
morphological alterations of the cells, is associated with
increased synthesis of CTGF.18 Based on our results, we now
connected dynamic alterations of focal adhesion protein
signaling to CTGF expression. Src-family kinases, FAK and
PI3-kinase were identified as novel regulators of CTGF
expression. These signaling pathways became operative when
the cells underwent morphological alterations, most notably
changes in the actin cytoskeleton and assembly of focal
complexes (summarized in Figure 7).
Cell culture conditions strongly influenced the phenotype
of the renal fibroblasts and, concomitantly, cell signaling.
All experiments presented here were performed in parallel
using either cells cultured on collagen-coated plates, cells
embedded in three-dimensional collagen gels, or cells
cultured on preformed collagen gels. No difference
was observed between cells cultured in or on top of collagen
gels, that is soft matrices. The strong adhesion of the cells
to rigid surfaces, that is collagen-coated plates, obscured
the dynamics of the focal adhesion proteins. Under these
conditions, upregulation of CTGF was independent of the
Src-FAK pathway.
Fibroblasts in three-dimensional systems have been
previously investigated in terms of functional and bioche-
mical alterations. The cell–matrix interactions are largely
dependent on the type of fibroblast, the concentration of the
collagen matrix, the condition of the gel, attached versus
floating, and the time of culture (e.g.Tamariz and Grinnell,19
and Grinnell20). In our study, after 24 h of culture within the
collagen matrix, the human renal fibroblasts formed a
network of interacting cells expressing cortical F-actin, but
no signs of stress fiber formation. The cells thus resembled
nonactivated fibroblasts in vivo, which also do not express
cell-spanning stress fibers. Furthermore, CTGF expression
was downregulated, resembling the in vivo situation where
CTGF is not detectable in healthy kidney tissue.21
Focal adhesion proteins such as paxillin, vinculin, or
FAK appeared as small punctuate structures, as previously
observed in other fibroblasts in three-dimensional cul-
tures.22–24 The interaction of these small focal contacts with
the extracellular collagen-I fibers became obvious, when the
attached gels were released after 24 h of culture and became
contracted by the fibroblasts within the next 24 h of floating
culture (data not shown). Reorganization of focal adhesion
proteins into strong clusters, accompanied by cell rounding,
was observed when the microtubular network was disas-
sembled by colchicine. Microtubules are viewed as relatively
stiff elements opposing contractile cytoskeletal elements.25
Accordingly, nocodazole-induced disruption of microtubules
in collagen-embedded embryonic fibroblasts transiently
increased isometric tension about two-fold.26 Contraction
was also detectable in isolated vessels, where disruption
of microtubules resulted in vasoconstriction, which was
dependent on RhoA-ROCK signaling but insensitive to
Src inhibition.27,28 In agreement with these results, in our
study, colchicine-mediated alterations of cell morphology
in collagen gels were not affected by incubation with the
Src kinase inhibitor PP2, but were largely prevented by the
inhibitor of ROCK.
Nonreceptor tyrosine kinases of the Src-family are
critically involved in the bidirectional signaling between
the actin cytoskeleton and adhesion molecules at the cell
membrane (reviewed in Brunton et al13). Our studies showed
that Src-family kinases link colchicine-mediated activation of
RhoA to CTGF expression. Multiple interactions between
Rho kinases, integrins, and the tyrosine kinase c-Src have
been described. The RhoA-binding proteins, mDia 1 and
mDia 2, couple RhoA and c-Src activation.14,15 Disruption of
cell-substrate adhesion may also contribute to Src activation
as shown in chicken embryonic fibroblasts.29 Downstream
of Src, activation of the ras/MEK/ERK cascade has been
described.30 In our cell system, ERK activation contributed
to the basal CTGF expression as shown by the partial
inhibition of CTGF expression by PD98059 at concentrations
that completely prevented ERK phosphorylation. However,
ERK was not significantly activated by colchicine and was
unlikely to be the major downstream mediator of RhoA-Src-
family kinase signaling. The stress kinase p38 was also
implicated in CTGF expression and may be linked to Src-
family kinases.31 However, treatment of fibroblasts cultured
on top of collagen gels with the specific inhibitor SB 203580
did not interfere with CTGF regulation (unpublished data).
Therefore, p38 kinase does not seem to be a major
contributor to CTGF expression upon focal adhesion
rearrangement.
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Figure 7 | Regulation of CTGF expression by cytoskeletal dy-
namics. Signaling pathways analyzed in fibroblasts grown in collagen
gels are indicated by bold lines. Dotted lines indicate signaling
pathways described in the literature as outlined in the discussion. In
the cells firmly attached to collagen-coated plates, alterations of
F-actin will not lead to clustering and activation of adhesion proteins.
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The observed colchicine-mediated clustering of adhesion
proteins was accompanied by an increase in tyrosine
phosphorylation, in line with earlier findings of Kirchner
et al., who were able to detect elevation in tyrosine phos-
phorylation by live-cell monitoring of focal adhesions after
treatment with nocodazole.32 One of the phosphorylated
proteins was identified as FAK, which was autophosphory-
lated at tyrosine-397 in a Src-dependent manner, as shown by
the specific inhibition with PP2. The interactions between Src
and FAK are complex, and vary depending on the activating
stimulus.33–35 In agreement with our data, integrin-mediated
stimulation of FAK autophosphorylation was Src-dependent,
whereas phosphorylation induced by hyperosmotic stress or
by activation of G protein-coupled receptors was indepen-
dent of Src.33,34,36
Our study identified PI3-kinase as additional signaling
molecule, which was involved in CTGF expression in cells
cultured on soft substrates. As a direct interaction partner of
autophosphorylated FAK,17 PI3-kinase has been functionally
linked to the survival of human lung fibroblasts in collagen
gels.34 It remains to be investigated whether the same
downstream pathways, which link FAK-PI3-kinase signaling
to cell survival, also play a role in CTGF induction.
Due to its multiple interactions with signaling molecules,
FAK may be envisaged as a scaffold protein, which
coordinates adhesion dynamics, signaling of matrix recep-
tors, and growth factor receptors. Our data strongly indicate
that Src-FAK signaling is the molecular link between RhoA-
mediated structural alterations of focal adhesions and CTGF
expression. We suppose that this pathway may also play a role
when CTGF is upregulated in response to dynamic changes of
cell–matrix interactions, such as stretch in mesangial cells7 or
nonuniform shear stress in endothelial cells. Increased
mechanical loading of fibroblasts may lead to increased
synthesis of ECM.37,38 Induction of ECM protein biosynth-
esis is one of the prominent biological functions of CTGF,
especially in fibrosis. Signaling via Src-FAK leading to
upregulation of CTGF is thus likely to contribute to the
translation of mechanical signals in matrix production,
which, together with soluble mediators, may promote renal
scarring.
Furthermore, FAK signaling may also be implicated in
a negative feedback regulation to limit excessive CTGF
synthesis. In a recent publication, Crean et al.39 showed
dephosphorylation of FAK and paxillin, and loss of RhoA
activity upon incubation of mesangial cells with recombinant
CTGF. Disruption of this negative feed back loop may
contribute to the excessive CTGF synthesis in pathologic
conditions. The functional implications of interference with
Src-FAK signaling in CTGF-mediated myofibroblast diffe-
rentiation and development of fibrosis should be analyzed in
future in vivo experiments.
MATERIALS AND METHODS
Colchicine, PD98059, Y27632, taxol (paclitaxel), LY294002, wort-
mannin, and PP2 were from Merck Biosciences. Appropriate solvent
controls were included in all experiments. Type I Collagen was from
Vitrogen, nutacon, Leimuiden, The Netherlands, and fetal calf
serum from PAA Laboratories.
Cells
Immortalized human renal fibroblasts, TK173, were kindly provided
by GA Mu¨ller, Go¨ttingen, Germany, and were cultured as described
previously.40,41 The cells were characterized in detail and shown to
maintain many characteristics of primary fibroblasts.42 On treat-
ment with transforming growth factor beta, Smad signaling is
activated and the cells produce ECM proteins (collagen I and
fibronectin) and metalloproteinases typical of interstitial fibro-
blasts.43,44 Furthermore, CTGF is upregulated in these cells upon
stimulation with transforming growth factor beta or other
mediators such as angiotensin II or lysophosphatidic acid.40,45
Culture of fibroblasts
Renal fibroblasts were carefully resuspended in a freshly prepared
and neutralized collagen solution (collagen 1.86 mg/ml, pH 7.4,
106 cells/ml). The mixtures were allowed to polymerize in four-well-
plates (5% CO2, 371C). After 1 h, each well was supplemented
with 600 ml of culture medium containing 10% fetal calf serum.
Reduction of the serum concentration to 0.5% prevented the
cells from forming a cellular network within the gels. Therefore, all
experiments including those with cells cultured on collagen-coated
plastic or glass were performed in the presence of 10% serum
with cells preincubated for 24 h. To culture fibroblasts on top of
preformed collagen gels, 4 105 cells were seeded on 400ml
polymerized collagen and supplemented with 600 ml of medium.
To prepare fibrilar collagen coating, coverslips or culture dishes
were coated with collagen (0.1 mg/ml in DMEM containing 1 mg/ml
bovine serum albumin) and left overnight at 371C in a 5% CO2
atmosphere.
Preparation of cell homogenates
Cell-containing collagen matrices were heated in 500ml phosphate-
buffered saline to 651C for 10 min. The washed cells were
resuspended in reducing Laemmli sample buffer. For phospho-
ERK Western blotting, the cell-containing collagen gels were quickly
homogenized in 200ml reducing Laemmli sample buffer.
To detach the cells from preformed collagen gels, the washed gels
were incubated with lysis buffer containing protease inhibitor
cocktail for 1 min, transferred to Eppendorf tubes, further lysed for
10 min on ice and then centrifuged to collect supernatants.
Western blot analysis
In total, 30 mg of total protein were separated by 12% SDS-PAGE
and detected using enhanced chemiluminescence (Amersham,
Freiburg, Germany) as described previously.10 The following
primary antibodies were used: anti-CTGF (SC14939, Santa Cruz,
Heidelberg, Germany), anti-phospho-ERK, anti-phosphotyrosine
(p-tyr-100, New England Biolabs, Frankfurt, Germany), anti-
FAK[pY397] (Biosource, Solingen, Germany), anti-vinculin (Sigma,
Taufkirchen, Germany), and monoclonal mouse anti-tubulin
E7 (DSHB University of Iowa). To correct for equal loading
and blotting, all blots were re-probed with anti-tubulin or anti-
vinculin antibodies. Blots were quantified by video densitometry
of the films, or directly using a luminescent imager (Fujifilm
LAS-100, Aida 2.1).
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Immunocytochemistry
Actin filaments were stained with rhodamine phalloidin or Alexa
fluor 488 phalloidin (Molecular Probes, Leiden, The Netherlands)
as described previously.40 The following antibodies were used:
anti-tubulin, anti-CTGF, anti-phosphotyrosine (p-tyr-100), anti-
vinculin, and anti-FAK (Transduction Laboratories), anti-mouse,
and anti-goat IgG conjugated with Alexa Fluor 488 (Molecular
Probes). Fluorescent specimens were visualized by fluorescence
microscopy (Leica) or were analyzed with a Leica SP2 confocal
microscope and photographed using the Leica TCS software.
The attached cell-containing collagen gels were fixed with 3.5%
paraformaldehyde for 30 min at room temperature, and then
carefully released from the wells with a spatula. Permeabilization,
blocking procedure, and immunostaining were carried out as
described.14 Washing steps with phosphate-buffered saline were
extended to 30 min. After incubation with the secondary antibody,
the cells were washed three times with 0.1% Tween-20 in Tris-
buffered saline. The same procedure was applied to stain cells
cultured on top of collagen gels.
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